The sensitivity of 6-phosphofructo-2-kinase to glucagon and cyclic AMP was studied during the perinatal period. In liver homogenates from foetal and neonatal rats, incubation with cyclic AMP produced inactivation of 6-phosphofructo-2-kinase 3 h after birth. The maximal effect was obtained 12 h after birth. In primary cultures of hepatocytes from 22-day-old foetuses, glucagon induced an inhibition of 6-phosphofructo-2-kinase that required 45 min to reach the half-maximal effect. Cycloheximide prevented the glucagon-induced changes in this activity from cultured foetal hepatocytes. These results suggest that the adult form of 6-phosphofructo-2-kinase is rapidly induced after birth, probably by the hormonal changes that occur in this period.
INTRODUCTION
The transition from the foetal to the neonatal state is accompanied by important changes in liver carbohydrate metabolism that allow this organ to play its physiological roles in the neonatal situation. These changes are mainly elicited by modifications in the expression pattern of enzymes and even of tissue-specific isoenzymes [1, 2] .
The hypoglycaemic phase that occurs in the newborn as a result of the fall in the maternal glucose supply is decreased by different mechanisms, among them glycogen mobilization [3] , a decrease in the glycolytic capacity of the hepatocytes, and the progressive development of gluconeogenesis. This situation is favoured by hormonal and nutritional factors, such as the inversion in the insulin/glucagon ratio in newborns [4] .
One of the factors that plays an important role in the control of the glycolytic and gluconeogenic pathway in liver is the change in fructose 2,6-bisphosphate (Fru-2,6-P2) concentration [5] . It has been reported that foetal hepatocytes contain a form of 6-phosphofructo-2kinase (PFK-2) that lacks the well-established glucagondependent inactivation of the enzyme that is exhibited by the adult liver. In foetal hepatocytes glucagon produces a rise in the concentration of cyclic AMP, and the activity of the cyclic AMP-dependent protein kinase is even higher than that found in the adult liver [6] . Moreover, foetal PFK-2 exhibits some kinetic properties similar to those reported for the bovine heart isoenzyme [7] .
Since foetal PFK-2 did not respond to glucagon, it was decided to investigate the time course of the expression ofPFK-2, regulated by this hormone, during the perinatal period in vivo. In addition, primary cultures of foetal hepatocytes were used to study the factors relevant to the regulation of this enzyme activity. EXPERIMENTAL 
Animals
Pregnant Albino Wistar rats (300-350 g) fed on a standard laboratory diet were killed for the experiments between 09:00 and 10:00 h. Gestational age was confirmed by standard criteria [8] . Newborn rats were delivered by Caesarean section in the morning of day 21 or 22 of gestation and were immediately used. Livers of newborns were removed at appropriate times and stored in liquid N2.
Materials
Substrates, antibiotics, hormones, coenzymes and enzymes were obtained from Boehringer (Mannheim, Germany) or Sigma (St. Louis, MO, U.S.A.). Standard analytical-grade laboratory reagents were purchased from Merck (Darmstadt, Germany). Tissue-culture dishes were from Costar (Cambridge, MA, U.S.A.). Foetal-calf serum was from Biochrom (Berlin, Germany). Leibovitz L-15 and F-10 media were from GIBCO (Hounslow, Middx., U.K.). Radiochemicals were purchased from Amersham International (Amersham, Bucks., U.K.).
Isolation of foetal hepatocytes
Hepatocytes from foetal-rat liver were prepared by a non-perfusion collagenase dispersion method that involved incubation in a rotary shaking bath (40 cycles/ min) with Ca2+-free Krebs bicarbonate buffer [6] containing 0.5 mM-EGTA, for 30 min at 37°C under continuous gassing (02/CO2, 19:1). The resulting cell suspension was centrifuged (50g for 2 min), and the cells were resuspended and incubated for 60 min in the presence of2.5 mM-Ca2' and 0.5 mg ofcollagenase/ml. At the end of this incubation period, the cells were centrifuged (35 g for 4 min) and filtered through nylon membranes of different meshes (500-50,tm). Separation of parenchymal from haematopoietic cells was carried out by washing the suspension by centrifugation at controlled very low speed (35 g). Haematopoetic-cell contamination was determined by microscopic observation to be less than 5 %. Cells were obtained (approx. 1 washed twice with sterile Leibovitz L-15 medium and then suspended in this medium supplemented with 10 mM-Hepes adjusted to pH 7.4 with NaOH, 10 mMglucose, 50 ,ug of gentamycin/ml, 50 ,tg of streptomycin/ ml and 100 units of penicillin G/ml. Hepatocytes [(2-3) x 106] were dispensed into 60 mm tissue-culture dishes that had been previously coated with collagen and which contained a final volume of 2 ml of modified Leibovitz L-15 medium (as above) supplemented with 20 (v/v) foetal-calf serum. The dishes were incubated for 2 h at 37°C in air, and the unattached cells were removed together with the medium. The medium was then replaced by 2 ml of Leibovitz L-15 medium containing 0.2 % (w/v) fatty-acid-poor bovine serum albumin.
Additions were made so that the total volume of the medium changed by less than 2 %. Hormones were prepared under sterile conditions (passed through a 0.22 /tm-pore-size filter). At the indicated times, the cells were washed once with 4 ml of Leibovitz L-15 medium without serum or albumin and then scraped from the plates in 1 ml of ice-cold buffer A (100 mM-KCl/1 mM-EDTA / 1 mM-dithiothreitol / 20 mM-potassium phosphate, pH 7.4). The suspensions were homogenized at 4°C in a Teflon/glass homogenizer, then sonicated for 10 s at 22 kHz, and centrifuged at 12000 g for 15 min, and the supernatants were stored at -20 'C. For the measurement of Fru-2,6-P2 concentration the medium was aspirated and the dishes were scraped in 0.5 ml of 50 mM-NaOH, followed by heating at 80 'C for 10 min. Preparation of liver homogenates Foetal and neonatal livers of different ages were homogenized in 3 vol. of ice-cold buffer A. The homogenates were then centrifuged at 4 'C for 30 min at 20000 g, and 250,l portions of the supernatants were incubated at 30 'C for 5 min in a medium containing 100 mM-KCl, 5 mM-MgCl2, 2 mM-MgATP, 50 mM-Hepes, pH 7.4, with or without 1 mM-isobutylmethylxanthine and 50/M of 8-(4-chlorophenylthio) cyclic AMP in a total volume of 0.5 ml. The incubation was stopped by adding 1 vol. of 200 mM-NaF, and the tubes were chilled on ice to prevent any further change in the phosphorylation state of PFK-2. Samples of these incubations (0.4ml) were processed for PFK-2 activity measurements.
To determine the concentration of Fru-2,6-P2 in livers, small portions of tissue were immediately homogenized with 50 mM-NaOH (1:20, w/v).
Measurements of metabolites and enzymes
Fru-2,6-P2 was determined as described by Van Schaftingen et al. [9] . Cyclic AMP was measured by using the binding-protein assay with the Amersham kit, as follows.
The cells were incubated with 1 mM-isobutylmethylxanthine for 5 min before addition of glucagon, and at appropriate times the medium was aspirated and the dishes were scraped with 0.5 ml of 0.5 M-HCl04. After centrifugation in a Eppendorff centrifuge, the supernatants were neutralized with a saturated K2C03 solution and the pH was adjusted to 7.0 with 0.5 M-Tris/HCl. These supernatants were maintained for 15 min in an icecold bath and, after centrifugation (Eppendorfi), cyclic AMP was assayed.
For the measurement of enzyme activities, the cells or liver supernatants were fractionated after precipitation with 15 % (cells) or 6-15 % (liver homogenates) (v/v) poly(ethylene glycol) [6] . After resuspension of the pellets in the extraction medium, PFK-2 activity was assayed. PFK-2 was measured at pH 6.6 in the presence of 5 mMphosphate, 5 mM-MgATP and 1 mM-fructose 6-phosphate, and at pH 8.5 with 1 mM-phosphate, 5 mM-MgATP and 5 mM-fructose 6-phosphate [10] . Fructose 6-phosphate was in a 1: 3 ratio with glucose 6-phosphate in order to prevent changes in its concentration by phosphoglucose isomerase. The sensitivity of PFK-2 activity to sn-glycerol 3-phosphate inhibition was determined at pH 7.1 and in the presence of 0.1 mM-fructose 6phosphate and 0.5 mM-MgATP [7] . One unit of PFK-2 activity is the amount of enzyme that catalyses the formation of 1 pmol of Fru-2,6-P2/min.
To measure the rates of RNA and protein synthesis, 5 gCi of [3H]uridine or 50 ,tCi of [3H]leucine respectively was added to the plates in a final volume of 1 ml. After incubation for 3 h, the cells were scraped in 1 ml of an ice-cold solution containing 1 % SDS and 0.50 Nonidet P-40, followed by 5 ml of 10 0 trichloroacetic acid. The radioactivity retained on GF/C glass-fibre filters after filtration was determined by counting the oven-dried filters in 2 ml of scintillation liquid. Protein concentration was determined by the method of Bradford [11] , with bovine serum albumin as standard.
RESULTS

PFK-2 in liver homogenates
Liver homogenates were prepared from foetal and neonatal rats in order to determine the developmental changes in PFK-2 activity during the perinatal period. In these homogenates two parameters were measured: the total activity of PFK-2, assayed at pH 8.5 in the presence of saturating concentrations of substrates, and the ability of the cyclic AMP-dependent protein kinase activated by added cyclic AMP to induce changes in PFK-2 activity. As shown in Fig. l(a) , PFK-2 activity in foetal liver hepatocytes was approx. 120 units/mg of protein when measured at pH 8.5, and exhibited a transient increase (40 0%) in the enzyme activity 12 h after birth, followed by a decrease, and reached stability 2 days later. The activity measured at this pH represents the total activity of PFK-2, which is independent of the phosphorylation state of the enzyme, at least in adult liver. Accordingly, the activity was similar for each incubation, regardless of the presence or absence of 8-(4-chlorophenylthio) cyclic AMP. However, when the activity was measured at pH 6.6 in order to exhibit differences depending on the phosphorylation state of PFK-2 [10], a clear inhibition was observed in post-natal liver homogenates incubated with 8-(4-chlorophenylthio) cyclic AMP. When the activity of PFK-2 is expressed as the ratio of the activity at pH 8.5 to that at pH 6.6 ofliver homogenates incubated in the presence of 8-(4-chlorophenylthio) cyclic AMP, a progressive increase in the ratio values appared 3 h after birth (Fig. lb) . It is also noteworthy that during the foetal period (days 20-22 of gestation) no changes in the PFK-2 activity ratio were observed in the presence of 8-(4-chlorophenylthio) cyclic AMP. Taken together, these results suggest that the foetal isoenzyme is progressively replaced after birth by a form that exhibits kinetic changes in response to the cyclic AMP-dependent protein kinase. This enzyme is presumably similar to that present in adult liver. Moreover, a progressive increase in the sensitivity to sn-glycerol 3-phosphate inhibition was observed in liver homogenates from neonatal rats. At birth the inhibition of PFK-2 activity by 1 mM-glycerol 3-phosphate was 37 0 of control value, and increased up to 68 0 in liver homogenates from 5-day-old newborns. Glucagon-induced changes in PFK-2 Since the response of PFK-2 activity to the activation of the cyclic AMP-dependent protein kinase in liver homogenates appears during the first 24 h of life, we decided to investigate whether this effect could be reproduced in primary cultures of hepatocytes from 22-day foetuses. As shown in Fig. 2(a) , the PFK-2 activity from cultured foetal hepatocytes incubated in the absence or presence of 0.1 /M-glucagon remained unchanged when assayed at pH 8.5 (total activity). Fig. 2(b) shows the PFK-2 activity ratio (pH 8.5/ pH 6.6) of the enzyme at different times after exposure of the hepatocytes to glucagon. When PFK-2 activity was measured at pH 6.6, a time-dependent inhibition of the enzyme activity was evident in hepatocytes exposed to glucagon. The half-maximal inhibitory effect was observed about 45 min after exposure to the hormone. Moreover, when the hepatocytes were preincubated with I jtM-cycloheximide 30 min before addition of glucagon, the inhibitory effect of the hormone on PFK-2 activity was partially prevented (about 75 %). To ensure that cycloheximide used at 1 ,uM concentration did not interfere in the cellular response to glucagon, a parallel experiment was carried out using isolated adult hepatocytes. In this system glucagon produced the expected inhibition of PFK-2 activity and a decrease in the intra- cellular concentration of Fru-2,6-P2 regardless of the preincubation with cycloheximide (results not shown). The maximal effect on PFK-2 inhibition in cultured foetal hepatocytes was obtained 2 h after exposure to glucagon. These experiments suggest that protein synthesis is required for the observation of glucagon-induced changes in PFK-2. No significant differences in the [3H]uridine or [3H]leucine incorporation in the macromolecular fraction were observed between control and glucagon-incubated hepatocytes (results not shown).
When isolated foetal hepatocytes were maintained in culture for long periods (more than 1 day in Leibovitz L-15 medium), and the cells were exposed for 15 min to glucagon, a rapid inhibition of PFK-2 activity measured at pH 6.6 was observed (after incubation for 48 h the pH 8.5/pH 6.6 activity was 3.8), suggesting that the culture conditions were sufficient to induce progressively a glucagon-responsive form of PFK-2. However, this process was accelerated by the presence of glucagon in the culture medium.
Vol. 257 Liver cells were isolated from 22-day foetuses and cultured with Leibovitz L-1 5 medium with 2 % foetal-calf serum. At 2 h after seeding (2 x 106 cells; 6 cm plates) the medium was aspirated and replaced by 2 ml of Leibovitz L-15 medium supplemented with 2 mg of fatty-acid-poor bovine serum albumin/ml. After preincubation for 30 min, hormones were added for 3 h. Samples were taken to determine PFK-2 activity and Fru-2,6-P2. Results are means+ S.E.M. for three different experiments. Significance of differences with respect to control values is given by: *P < 0.05, **P < 0.01 and ***P < 0.001 (NS, not significant). To investigate the effect of the inactivation of PFK-2 by glucagon on Fru-2,6-P2, primary cultures of foetal hepatocytes were exposed to the hormone (0.1 M) and samples were collected to determine Fru-2,6-P2 concentration. As shown in Fig. 3(a) , glucagon decreased the concentration of this metabolite, although a long period of exposure (45 min) was required to produce the halfmaximal effect. This is in agreement with the inactivation of PFK-2 activity reported in Fig. 2(b) , but in striking contrast with the reported effect of glucagon on both PFK-2 and Fru-2,6-P2 in isolated adult hepatocytes [12] .
PFK-2 activity
To ascertain that the lag period observed in the inactivation of PFK-2 and in the fall in Fru-2,6-P2 concentration was not due to damage to the glucagon receptors or to the mechanism of generation of cyclic AMP as a result of cell preparation, the changes in the intracellular concentration ofcyclic AMP were measured. Fig. 3(a) shows that cultured hepatocytes effectively responded to the hormone by increasing the concentration of cyclic AMP up to 5 times the value of controls.
When freshly isolated foetal hepatocytes were used to test rapid effects of glucagon on both cyclic AMP and Fru-2,6-P2 concentrations, these cells lacked the effect on Fru-2,6-P2 (exposed to the hormone for up to 30 min), whereas the changes in cyclic AMP were rapid (maximal effect obtained in less than 5 min) and qualitatively similar to those reported for the cultured hepatocytes (Fig. 3a) .
The glucagon-induced changes in PFK-2 activity and Fru-2,6-P2 in cultured hepatocytes were also obtained when the cells were incubated with a permeant cyclic AMP derivative as shown in Table 1 . Moreover, when cycloheximide was present in the medium in addition to cyclic AMP, the changes in PFK-2 and Fru-2,6-P2 were decreased by 50 %, in agreement with the results obtained 1989 with glucagon. The action of different hormones in the activity of PFK-2 from cultured hepatocytes was also tested. In cells incubated with both insulin and glucagon, at saturating concentrations of these hormones, the effect of glucagon on PFK-2 was decreased to about 20% the value of controls. A similar situation was observed when the hepatocytes were incubated in the presence of dexamethasone and glucagon. The total activity of the enzyme remained unchanged in all cases. Moreover, a good correlation was observed between Fru-2,6-P2 content and the value of the PFK-2 activity ratio.
DISCUSSION
In the present paper we have investigated the time course for the expression of glucagon-induced changes in PFK-2 activity and Fru-2,6-P2 during the perinatal period. Foetal hepatocytes contain a PFK-2 isoenzyme, which activity is not affected by either the cyclic AMPdependent protein kinase or glucagon [6] . This occurs despite the increase in cyclic AMP metabolism on the last day of pregnancy [13] . The results reported clearly show that a PFK-2 activity regulated by glucagon is expressed after birth. Presumably the adult form of PFK-2 would follow an expression pattern similar to that reported for the hepatic isoenzyme of pyruvate kinase [14, 15] . Both enzymes, PFK-2 and pryuvate kinase, play an important role in the control of the glycolytic and gluconeogenic fluxes in liver through its action on the rates of the substrate futile cycles. In addition, in the adult liver a co-ordinate response to glucagon appears between both enzymes [16] . However, there is a lack of parallelism between the time course for glucagon-induced changes in PFK-2 in the early postnatal period (hours) if compared with the time required for the induction of pyruvate kinase L-form (days) [14] . Moreover, 12 h after birth the total PFK-2 enzyme activity was increased, followed by a decrease, which supports the expected high dynamism in the rates of synthesis and degradation of the enzyme. Thus the evolution of the total activity is in agreement with the changes in the PFK-2 activity ratio. The use of liver extracts to test the response of PFK-2 to cyclic AMP has some additional advantages over the use of hepatocytes and glucagon as effector, because on the last day of pregnancy a maturation in the adenylate cyclase system has been described [17, 18] . Our experimental system by-passes these steps in the activation of the cyclic AMP-dependent protein kinase.
Attempts to elucidate the factors that bring about the response of PFK-2 to glucagon were made by using cultures of hepatocytes from 22-day-foetuses. Cells attached to a collagen substratum have been reported to retain most of the properties of hepatocytes [19] . Leibovitz L-15 and F-10 media were used for the culture, and both gave the same results with respect to PFK-2 changes. The exposure of the 22-day-foetal hepatocytes to glucagon produced a progressive inhibition of PFK-2 activity at pH 6.6. To obtain this effect, protein synthesis is required as deduced from the lack of response to glucagon when the foetal cells were preincubated with cycloheximide. However, in isolated adult hepatocytes cycloheximide did not alter the response to glucagon. The mechanism involved in the inhibition of PFK-2 by glucagon in foetal hepatocytes is not clear. One possibility may be that the synthesis ofthe adult enzyme is stimulated by glucagon. Work is needed to ascertain whether the rate of the synthesis of the adult liver enzyme could be affected by glucagon, by the use of antibodies raised against this isoenzyme. Experiments on incorporation of [3H]uridine or [3H]leucine in the macromolecular fraction in hepatocytes incubated in the absence or in the presence of glucagon did not show significant differences in the rate of RNA or protein synthesis.
Hepatocytes from 21-day foetuses were also used to test whether these cells had the same capacity to exhibit glucagon-induced changes in PFK-2 activity as did hepatocytes from 22-day foetuses. The pattern of response to glucagon was the same, regardless of the day of pregnancy (results not shown). These results suggest the involvement of this hormone in the observed changes in PFK-2 activity and Fru-2,6-P2 concentration.
